We evaluate a direct photographic method to measure droplet size distribution (DSD) in fog using an instrument, consisting of a digital camera and a stroboscope, designed for onboard use in a hot air balloon, which is safer than other aircrafts in fog. This method allows observation of fog droplets without mechanical suction or impaction. Drops of diameter 5 100 m could be imaged with a relative standard deviation of 20 21 %. Extinction coefficients derived from the DSD show good agreement with those derived from the visibility. The feasibility of the instrument attached to a hot air balloon was validated in a field observation, demonstrating that the direct photographic method is feasible for determining fog DSD.
Introduction
Measurements of droplet size distribution (DSD) and liquid water content (LWC) are critical for understanding microphysical processes in cloud and fog. Cloud DSD has been measured by three methods. The first method is based on light scattering (Knollenberg 1970) , typically used in a forward scattering spectrometer probe (FSSP) . FSSP works on the principle that the magnitude of forward-scattered light by a droplet is directly related to the droplet size. The FSSP can measure cloud droplet sizes from 2 to 47 m diameter. The measurement currently requires droplets speeds of more than 25 m s 1 . Hence, an aspirator is necessary for ground-based observations with FSSP (Kunkel 1984) . The second method is based on light shading. A two-dimensional optical array probe (2DC) is used to measure drops from 25 to 800 m in diameter. The instrument records the two-dimensional shadows of hydrometeors as they pass through a focused He-Ne laser beam. 2DC is commonly used for aircraft observations with the FSSP (Vanzanten et al. 2005) . The third method is the impaction method, the oldest method for detecting cloud droplets. A cloud droplet leaves a trail of impact on a carbon-coated film, or using other replica material such as magnesium oxide or oil. Image processing of the trail gives the droplet size. However, it is difficult to determine the collision efficiency of the droplet on the film surface.
Aircrafts with airborne instruments are useful for measuring DSD in cloud. However, aircraft operation in fog is dangerous because the fog covers the ground or sea surface, limiting visibility. One solution for a platform for fog observation is a tethered hot air balloon. To this end, we devised an instrument to measure DSD from a hot air balloon without mechanical suction or impaction.
A direct-imaging technique for measuring the size of a droplet of spray was developed by York and Stubbs (1952) . They employed a photographic technique of spray analysis, where droplet images were taken of a small volume in the spray without disturbing the flow pattern by objects. Takeuchi et al. (1982) measured DSD in diesel fuel spray by the same method. Kato et al. (1996) demonstrated the measurement of velocity and size of particles by applying a stereo-imaging technique. However, these methods were developed for laboratory use and the instruments are too large to mount on a balloon. In this study, we applied a direct-imaging technique for measuring DSD in fog and evaluated the errors in the method. We then attached the instrument to a tethered hot air balloon and observed profiles of fog DSD.
Instrumentation
Photographs of fog droplets were analyzed to acquire fog DSD. A stroboscope (1.8-s flash duration) fitted with a diffuser was set 13 cm in front of a digital camera (12.1-million effective pixels) as in Fig. 1 . The camera lens was a Micro Nikkor 60 mm attached to auto extension rings (RK-11A +12+13). The optical magnification of this device was 2.1 times and the sensor resolution was 2.6 m/pixel. For measurements, the f-number was set at f-32 (the maximum number for the lens) and shutter speed of the camera was set to 1/90. The strobe light was synchronized with the shutter of the camera and the length of exposure was determined by the duration of the illumination. When the shutter speed of the camera was faster than 1/90, these were out of sync. The droplet motion with wind current was negligible when the wind speed was less than 5 m s 1 . Electronic power (AC 100 V) was supplied by a portable battery (ERV713, National). To protect the lens from droplets, the lens was shielded with a hand when it was not operating and the lens was wiped during periods of mist.
Image processing
The sample volume of the device was 0.7×1.1×depth of field (cm). The depth of field depends on the droplet diameter, and therefore is not sharply defined. In 13
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addition, the images of drops become more blurred as the drops are further from the objective plane. To evaluate the depth of field and image processing, we took images of SiO2 glass spheres with known diameters on a slide glass, varying the distance from the camera lens. The diameters of the SiO2 glass spheres were 10, 22, 32, 49, 73, 100 m. We refer to these spheres as standard spheres. A standard sphere larger than 100 m was not required because the maximum droplet size in fog observations was under 100 m.
The photographic images were taken by digital camera and saved in raw image format (256 shades of gray). Noise in the images caused by dust on the lens was removed by calculating the difference in brightness between two contiguous shots (shown in Figs. 2a and 2b) . In this process, we offset the brightness as an averaged gray-scale image value of less than 0.1, supposing that the number of background pixels is considerably larger than the number of pixels for a droplet image. The photographic images were then digitalized in the threshold of unit (Fig. 2c) . The depth of field was determined as the distance from the lens at which the droplet image could not be recognized in the digitalization process. The depth of field changed linearly from 0.5 cm for spheres of diameter 5 m to 2.4 cm for a diameter of 100 m. Sample volume therefore depends on the droplet radius. In the next procedure, small particles with less than nine pixels and indistinct figures with non-circular shapes were eliminated in reverse colored figures. Figure 2d shows fog droplets distinguished from the background illumination and noise. Finally, we calculated the Heywood diameter from the droplet image. The Heywood diameter is expressed as the diameter of a circle having an area equivalent to the shadow's area. Figure 3a indicates a conceptual fog droplet image. Figure 3b shows a photographic image of the standard sphere using this device. Figure 3c shows the brightness profile of the photographic image. The straight line in Fig. 3b shows the cross-section for which the brightness profile was taken. Figure 3c indicates the tentative size in this method. The tentative size is bigger than the size of the real fog droplet due to light scattering. Figure 4 shows an evaluation of the digital processing using standard spheres. The points represent the averaged value of the tentative sizes between 4 and 8 cm from the camera lens. The error bars show the standard deviation of the tentative sizes. The broken line is a linear regression line of the averaged values. From this graph, the diameter of the tentative droplet figure derived from image processing is found to be 1.9 times larger than the diameter of the standard spheres. This indicates that the measurements are in proportion to the standard values and that the standard deviation is minimum at 22 m and is larger for bigger samples. The minimum identifiable diameter of a droplet is 5 m, because particles whose images occupy less than nine pixels are erased. By evaluating the droplet diameters in the digital image processing, the relative standard deviation was found to be between 10% and 27% of the mean value and the averaged value was 20%. However, the flexibility of SiO2 standard spheres and droplets are 1.5 and 1.3 for visible light, respectively. To evaluate the error of the direct photography in another way, we compared the extinction coefficients calculated from the DSD with those determined by a visibility meter. The extinction coefficient ( ) is calculated from fog DSD, following aufm Kampe and Weickmann (1952):
Evaluation of results
where K is the scattering area coefficient and the summation is for all radii, N is number density per unit. K is assumed to be constant (K 2) for fog droplets of radii larger than the wavelength of visible light. The extinction coefficient can also be calculated from the meteorological optical range (MOR), as follows:
where MOR is the visibility observed by a forward scattering visibility meter (PWD-12, Viasala). Figure 5 shows scatter plots of the extinction coefficient calculated from the MOR for a 15-second averaged value and that from the direct photographic method with a momentary value on 9 July 2006. Accepting the extinction coefficients calculated from MOR as being accurate, we can estimate the relative standard deviation in the extinction coefficients for direct photographic measurement as 42%. The relative standard deviation of the diameter in this method is 21%, which is consistent with the averaged relative standard deviation of the diameters of 20% shown in Fig. 4 . The DSD of fog observed by the direct photographic method is a momentary value. Hence, we must evaluate the spatial representativeness of the DSD. Figure 6 shows the difference (%) of the droplet number from the averaged value of 20 images. The size of the droplets is from 10 to 15 m. The x-axis gives the number of sample images used to calculate the averaged value. The thick line is a fitted curve. The figure indicates that more than five images are necessary to suppress the difference to under 10%, i.e., more than five images should be used to analyze the DSD by the direct photographic method.
Observation of fog
Having confirmed that DSD in fog can be obtained by the direct photographic method, the next step is to measure the profiles of fog DSD with the instrument attached to a tethered hot air balloon (Fig. 7) . The observation field was in the Rokkasho area of Aomori prefecture in northeast Japan. This area is an average of 8 m above sea level and is frequently affected by sea fog in summer. The Pacific Ocean is 1 km to the east and several swamps lie to the north and south. The study period was from 30 June to 27 July 2006. The hot air balloon was an AX-8, with an envelope volume of 2,320 m 3 and a basket size of 107 (width) × 97 (depth) × 115 (height) cm for four people. Tomine et al. (2003) used a hot air balloon for measuring the upper atmospheric temperature. They found that the radiant heat of the balloon's burner had a small effect on the temperature in the basket and that overflow of hot air from the balloon can also affect the temperature in the basket. In this study, we used a tethered hot air balloon and observed the DSD on the windward side of the basket to eliminate the influence of the burner and overflow of hot air. Furthermore, we measured DSD only in the fire-down periods.
Observation results
In this period, we observed five fog events. The hotair balloon was raised to a maximum height of 210 m above ground level. Nine DSD profiles of the fog were obtained vertically. The total number of images in the observations was 667 shots. The number density and LWC were calculated from the droplet number and sample volume. The averaged number of fog droplets and LWC were 49 cm 3 and 0.10 g m 3 and the maximum values were 197 cm 3 and 0.27 g m 3 , respectively. The surface wind speed was always less than 4 m s 1 . Fog droplet figures have a circular form in wind speeds up to 5 m s 1 , which is also the limit of wind speed for tethered hot air balloon observations. An example droplet concentration profile from 10 July 2006 is shown in Fig. 8 . The visibility near the surface was less than 500 m. The hot air balloon could not rise above 200 m because of a strong wind exceeding 5 m s 1 above the fog layer. Table 1 shows the averaged number of photographs and flight duration for various heights. For a tethered hot air balloon, it is not easy to maintain altitude in a fluctuating wind and hence a consistent flight duration for observation could not be kept. The contour interval in Fig. 8 is 5 cm 3 m 1 . The fog top is known to be near 200 m and we visually identified the fog top when the balloon rose to that height.
The instrument weighs less than 10 kg, excluding the generator, which is lighter than other instruments used for DSD measurement such as FSSP. This allows observation of fog profiles using a hot air balloon. However, image processing for this method is a large task; it takes about 10 seconds per shot to record an image on the storage media. Therefore, it is necessary to devise a method for automatic processing or using highresolution video. Moreover, a short flash duration should make it possible to observe fog droplet in strong wind.
Summary and conclusions
In this study, we developed a method for measuring DSD in fog by direct photography and evaluated the error in the method. Direct photography can measure fog droplets without mechanical suction or impact. The diameter of figures derived from image processing was 1.9 times larger than the diameter of standard spheres. In this method, droplets of diameters between 5 and 100 m can be imaged with an averaged relative standard deviation of 20% in measuring the diameter. Additionally, a comparison of extinction coefficients derived from DSD with those derived from MOR gives a relative standard deviation of 21% in the diameter. When the averaged number of photographs is five or more, the difference in the mean value of the DSD becomes less than 10%.
The instrument was attached to a hot air balloon and used to observe nine fog profiles. The averaged fog droplet concentration was 49 cm 3 and the LWC was 0.1 g m 3 . These results demonstrate that the direct photographic method using a digital camera and a stroboscope is a feasible method for determining fog DSD. 
